This study presents a simplified polarimetric decomposition for soil moisture retrieval under vegetation cover. After removing the volume scattering contribution in the full polarimetric SAR signature, only the surface scattering component is used to retrieve the soil moisture. The simplified algorithm is evaluated on the dense time series of UAVSAR data and detailed ground truth measurements covering the whole crop growth period. The results show that the performance of the soil moisture retrieval depends on both the crop types and the phonological developing stage. The fields covered by soybean obtain better results than other crop type, due to the low crop height and biomass. This study validate the potential of polarimetric decomposition for soil moisture retrieval over vegetated agricultural fields.
INTRODUCTION
Soil moisture is an important factor in several physical process (such as water conservation, soil erosion and surface runoff) over agricultural fields. Compared with the conventional soil moisture acquisitions by point sampling which is time and labour consuming, Synthetic Aperture Radar (SAR) has the potentials to extract subsurface information with high spatial and temporal resolution. Furthermore, polarimetric SAR extends the observation space, providing the potentials to improve the robustness of soil moisture retrieval. Nevertheless, agricultural fields are covered by different crops over large periods annually. In this condition, the effects of vegetation layers and the underlying soils are coherent superimposed in the measured SAR signature, which complicates the problem of soil moisture retrieval over vegetated soils.
In order to solve this problem of vegetated soil moisture retrievals from SAR measurements, intensive studies are conducted in the past decades [1] [2] [3] . On one hand, the vegetation layer is accounted and removed by incoherent radiative transfer model [3] . On the other hand, based on the polarimetric SAR measurement, the target decomposition methodology [4] is adopted to decompose the full signature into different scattering mechanisms (e.g. single scattering, dihedral scattering and volume scattering). Thus, the vegetation component is removed by such polarimetric decomposition and then the underlying soil moisture could be derived from the ground scattering component.
Within the above context, this study is dedicated to solve the problem of soil moisture retrieval under vegetation cover, based on a simplification of the polarimetric decomposition algorithm in [1] . Under the framework of SMAPVEX12 [5] , the dense time series of UAVSAR data were acquired with the detailed ground truth measurement of soil and vegetation characteristics. As the encouraging results are obtained in [1, 2] over vegetated agricultural field by model based polarimetric decomposition [1] , the objective of this study is to evaluate whether this polarimetric decomposition approach is applicable on the SMAPVEX12 experimental datasets. In this paper, the section 2 describes the used datasets. The method of simplified soil moisture retrieval is proposed in section 3. The main results are analyzed and discussed in section 4 and the main conclusion is presented in section 5.
DATASET PRESENTATION
The SMAPVEX12 study site [5] (with dimension 15 km × 70 km) is located within the larger Red River Watershed in Canada. This site is dominated by several annual crops, including cereals (32.2% of area), canola (13.2%), corn (7.0%) and soybean (6.7%). In addition, 16.4% of the site is occupied by perennial cover (grassland and pasture), and some area is also covered by forest. Furthermore, the soil texture varies across the site, and this spatial soil variability provides a large range of soil moisture conditions. The diversities of land cover (especially different crop types) and soil types facilitate the development of the SMAP soil moisture retrieval algorithms under vegetation cover condition.
Over the study site, UAVSAR data acquisition covered 14 dates from June 17 th to July 17 th 2012, with the following characteristics: L-band, incidence angles ranging from 25° to 65° and fine quad-polarization configuration. The calibrated multi-looked cross products (MLC) with spatial resolution of 5.0 m in range by 7.2 m in azimuth are used in this study. The MLC data are firstly extracted as a coherency matrix T3 using PolSARpro [6] . Then, a boxcar filter with 7-by-7 windows is applied to reduce speckle effect. As the study fields are flat [5] , no compensation of terrain slope is applied on the SAR images.
The field campaign covered six weeks from June 6 th to July 17 th 2012 in order to interpret the UAVSAR data with respect to the characteristics of soil and vegetation, to develop soil moisture retrieval algorithms in several vegetation conditions including the peak of growth. Firstly, in coincidence with the flight overpass, the volumetric soil moisture was measured at depth 5.7 cm (probe length) for 55 fields using hand-held hydra probes [5] . Secondly, the corresponding soil surface roughness was measured using the 1 m long profilometer and digital camera [5] . Regarding the vegetation characteristics, both the static parameters (plant density, row spacing, and row direction) and the dynamic parameters (vegetation height, stem diameter, biomass, Leaf Area Index -LAI, density, temperature) were measured [5] , enabling the analysis of vegetation effects on soil moisture retrievals.
RETRIEVAL APPROACH
This study evaluates the simplified application of an existing polarimetric decomposition in [1, 2] for soil moisture retrieval over vegetated agricultural fields of SMAPVEX12. This approach is developed from the Freeman /Yamaguchi model-based target decomposition [4, 7] . As the scattering mechanisms occurred within the vegetated agricultural soil are complicated by the coherent superposition of different scattering mechanisms (e.g. surface, dihedral and volume scatterings), this kind of polarimetric decomposition provides a way to separate the different scattering components quantitatively. The main steps of this algorithm [1] are recalled as: i) First, the study site is divided into bare soil and vegetated soil. The X-Bragg model [8] is adopted for bare soil moisture retrievals. ii) For the vegetated soil, three orientations of the crop distribution are determined for each pixel [7] . iii) Volume scattering intensity is calculated by solving equation system in [1] . iv) Theory of nonnegative eigenvalues [9] is respected for the ground component in order to restrict the negative scattering power. v) Ground scattering component is obtained by subtracting the suitable volume component. vi) Soil moisture is retrieved from the ground scattering component.
Nevertheless, the main objective of this study is to simplify the polarimetric based soil moisture retrieval algorithm [1] by using only the surface scattering component, once the volume scattering contribution is removed. Although considerable efforts were undertaken in the soil moisture inversion from the dihedral scattering component, only low inversion rate was obtained under vegetation cover [1] . Furthermore, the surface scattering is usually more significant than the dihedral scattering component in the ground coherency matrix. Therefore, in this study, for a given field, only the pixels corresponding to dominant surface scattering (satisfying the condition Re (Shh Svv * ) > 0) are selected to estimate the soil moisture. In this way, the potential of surface component inversion with only one dielectric constant, without any contribution of the dihedral component with two dielectric constants is investigated.
RESULTS AND DISCUSSION
The previous described soil moisture retrieval approach is applied on the dense time series of UAVSAR data, and the main results are presented in this section. The scattering mechanism is analyzed firstly, and then the soil moisture is retrieved from the surface scattering component.
Scattering mechanism variation
The intensities of surface scattering, dihedral scattering and volume scattering are extracted by the polarimetric decomposition in [1] . The RGB combination of the three scattering mechanisms is illustrated in Fig. 1 intensity decreases from June ( Fig. 1(a) ) to July ( Fig. 1(b) ), as the crop development is quite fast during this period. The well-developed crop structure (height and biomass accumulate with growth) in July restrict the penetration depth of microwave. Moreover, the decrease of surface scattering is more pronounced in the near range than the far range. This is explained by the stronger surface scattering in low incidence angle (near range) than high incidence angle (far range). The dihedral scattering mechanism is important on the fields of canola, corn and wheat at the beginning of crop growth (Fig. 1(a) ). Then it decreases due to the increased coverage of crop foliage. The volume scattering generally increases from June to July, but with exception on the fields of canola and wheat. These crops are closed to the mature stage in July with inclined vegetation water content, which significantly affects the intensity of volume scattering component.
Evaluation of the simulated β parameter
After removing the volume scattering component, the surface scattering dominates the ground coherency matrix for most of the fields (> 85%), and therefore used to retrieve the soil moisture. The surface scattering parameter βsimu which is the normalized difference of Bragg scattering in H and V polarization [1] is forward simulated regarding the incidence angle and using the mean value (field-level) of measured soil moisture as inputs. The corresponding βdata is extracted from UAVSAR data and compared with the simulations βsimu. The results of the comparison are shown in Fig. 2 , and each point represents the mean value of SAR derived parameter for a given sampling field (it is computed by averaging the values of all the pixels within the target field, except the pixels near the field boundary to remove boundary effects). For canola, corn and wheat, the disagreements between the simulated and data derived β parameter are found. The disagreements are caused by the degraded performance of volume scattering model on these crops, as the three predefined fixed volume coherency matrix in [1] may be not sufficient to characterize the complex crop structure. In contrary, for soybean and pasture, the deviation of β between simulation and measurement is weak. This finding shows that the performance of the decomposition algorithm [1] depends on both the crop type and phonological development stage. It seems more robust to use this decomposition algorithm [1] for low vegetation than high vegetation.
Soil moisture retrieval results
The soil moisture is retrieved from the UAVSAR data derived βdata by a minimization procedure min (|βdata -βsimu|).
The spatial distribution of retrieved soil moisture is demonstrated in Fig. 3 . We could note the soil moisture is heterogeneous on the individual agricultural field. The range (5% to 60%) of the retrieved soil moisture is in agreement with that of in situ measurements [5] . The invalid pixels are set to white color. Two main reasons can explain these invalid pixels: First, some pixels are characterized by a dominant dihedral scattering after removing the volume component. Indeed, in this study, the dihedral component is disregarded due to its ambiguity and disturbance by the wave propagation (the dihedral intensity fd needs to be compensated properly [1, 2] ) as well as the low improvement in the soil moisture inversion rate that could be obtained. Second, for some pixels characterized by a dominant surface scattering the corresponding β value is less than -1, which is non-physically correct [1] .
For the investigated fields of SMAPVEX12, the mean values of the retrieved soil moisture are compared with the in situ ground truth measurement. The performance of the soil moisture retrieval is shown in Fig. 4 with RMSE 0.09-0.10 m 3 /m 3 . In accordance to the β simulation (Fig. 2) , the fields covered by soybean obtain better results than other crop types.
CONCLUSION
This study evaluates the simplified application of the polarimetric decomposition [1] on the SMAPVEX12 dataset for soil moisture retrieval under agricultural crops. Although only the surface scattering component is used, the general retrieval accuracy we obtained is similar to [1] . The performance of the retrieval procedure is dependent on the crop types and their phonological development stage. The fields covered by soybean obtain better results than other crop types. This can be explained by the low height and biomass of soybean. Comparing our results with those obtained from a preliminary inversion using the same UAVSAR data and two SMAP candidate radar-only algorithms which were applied to very few fields [10] , the accuracy is also in the similar level. However, this paper uses all the 55 fields of SMAPVEX12, and the validity of each field is physically determined by [1] . Thus, this study highlights the potential of polarimetric decomposition for soil moisture retrieval (from scattering mechanism point of view) under vegetation.
